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An account of our up to date knowledge of the genetics of biosynthesis of Vibrio cholerae lipopolysaccharide (LPS) is presented in this
review. While not much information is available in the literature on the genetics of biosynthesis of lipid A of V. cholerae, the available
information on the characteristics and proposed functions of the corepolysaccharide (core-PS) biosynthetic genes is discussed. The genetic
organizations encoding the O-antigen polysaccharides (O-PS) of V. cholerae of serogroups O1 and O139, the disease causing ones, have been
described along with the putative functions of the different constituent genes. The O-PS biosynthetic genes of some non-O1, non-O139
serogroups, particularly the serogroups O37 and O22, and their putative functions have also been discussed briefly. In view of the importance of
the serogroup O139, the origination of the O139 strain and the possible donor of the corresponding O-PS gene cluster have been analyzed with a
view to having knowledge of (i) the mode of evolution of different serogroups and (ii) the possible emergence of pathogenic strain(s) belonging
to non-O1, non-O139 serogroups. The unsolved problems in this area of research and their probable impact on the production of an effective
cholera vaccine have been outlined in conclusion.
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1. Introduction synthesis of the constituent LPS. This will also help inVibrio cholerae is the causative organism of the disease
cholera. The lipopolysaccharide (LPS) is an important struc-
tural and functional constituent of the vibrios and of any
Gram-negative bacterium in general. The physical and chem-
ical characteristics of the V. cholerae LPS have been pre-
sented in Part I of this review [1]. Of the three constituents of
LPS, the lipid-A and core-PS present more or less similar
structures in LPSs of different V. cholerae serogroups,
whereas the O-PS of any serogroup has distinct structure.
Researches on different aspects of V. cholerae LPS have been
progressing at an accelerating pace since the emergence of the
non-O1 strain, V. cholerae O139, which caused an outbreak
of the epidemic in the Indian subcontinent around 1992 [2].
Knowledge of the evolution of different serogroups of V.
cholerae demands an understanding of the genetics of bio-0925-4439/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbadis.2004.06.006
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E-mail address: sncac@sify.com (S.N. Chatterjee).envisaging in a significant way the possibility of emergence
in future of one or more new pathogenic and pandemic strain
or strains of V. cholerae. This part (Part II) of the review
accordingly proposes to bring out an account of our up-to-
date knowledge of the genetics of biosynthesis of V. cholerae
LPS. Further, a brief outline of some other relevant areas of
the genetics of the organism, V. cholerae, will, it is believed,
form a useful background for the main topic of this review.
The abbreviations and nomenclatures to be used in this part of
the review will be the same as described earlier [1] and unless
stated otherwise for any particular case. In addition, the
nomenclature introduced by Reeves et al. [3] for the LPS
and capsular genes of Gram negative bacteria will be fol-
lowed in this text.2. Genetics of V. cholerae: an outline of some relevant
areas
The genetics of V. cholerae did not receive any signifi-
cant attention till the middle of the 1980s. The few excep-
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cholerae by Bhaskaran [4]. It was shown that the conjuga-
tion in V. cholerae was mediated by the P factor, which,
unlike the F factor of Escherichia coli, could not integrate in
to the chromosome, and hence could not induce Hfr donors
[5]. Few plasmids were reported to be present in V. cholerae.
The Bhaskaran strain 162 was shown to contain two
plasmids besides P [5]. It was also reported that there was
a gradual increase in the incidence of R-factor-mediated
drug resistance and this was almost exclusively due to
plasmids of the IncC incompatibility group [6]. Parker et
al. [7] used P factor crosses to obtain a linear linkage of the
V. cholerae classical strain 162, containing both selected and
unselected markers. A good account of the V. cholerae
genetics studied up to the middle of 1980s is available in
the review published by Guidolin and Manning [8].
V. cholerae DNA (classical, Ogawa 154) exhibited a
melting temperature (Tm) of 89 jC in 1 SSC, pH 7.1,
an average G +C content of 48.0F 0.1 (see below for recent
values of the two individual chromosomes of the strain El
Tor 16961 discovered later) and an unimodal distribution of
G-C base pairs [9]. Several studies showed the activities of
different repair genes in V. cholerae DNA: (i) excision repair
mediated by the enzymes uvr-endonucleases [10], (ii) pho-
to-repair mediated by the enzyme photolyase and gene phr
[11,12] and rec-A [13] mediated induction of ‘SOS’ repair
genes [14] leading to (a) filamentation of the cells [15], (b)
prophage induction [16], (c) mutation [17,18] and (d)
Weigle reactivation and mutagenesis [18]. V. cholerae
DNA was also shown to contain functional genes, ada and
alk, leading to adaptive repair response against both alkylat-
ing and oxidative DNA damage [19,20] and also the gene,
dam, involved in DNA mismatch repair processes [21]. In
fact, V. cholerae has genes encoding several DNA-repair
and DNA-damage response pathways including homo-
logues of many of the genes involved in the SOS response
in E. coli [22].
The genetics of virulence of V. cholerae formed the
next important area of research. The major virulence-
associated genes which encode colonization factors and
cholera toxin (CT) are part of larger genetic elements
composed of clusters of genes [23]. Although the mani-
festation of diarrhea is the result of the production of CT
encoded by ctxAB genes, the pathogenesis of cholera is
dependent on the synergistic action of a number of other
genes, including the genes for one or more colonization
factors [24]. There are at least two regions of the V.
cholerae chromosome in which genes encoding virulence
factors are clustered [25]. These include the CTX element,
which was subsequently shown to be the genome of a
filamentous bacteriophage [26] and the TCP-accessory
colonization factor (ACF) gene cluster referred to as the
TCP pathogenicity island [27]. The characteristics of the
pathogenicity island include the presence of groups of
virulence genes, a transposase gene, specific (att-like)
attachment sites flanking each end of the island, and anintegrase with homology to a phage integrase gene. A
good account of these aspects of V. cholerae genetics has
been documented in a review by Faruque et al. [28].
Regulation of the virulence factors of V. cholerae has
been an area of great concern in the recent days. The three
proteins ToxR, TcpP and ToxT coordinately regulate tran-
scription of the structural genes for CT, TCP and other
virulence factors [28–30]. These proteins together form the
V. cholerae virulence gene regulatory cascade [31–33].
ToxR is a transcription factor located in the inner membrane
that directly regulates the expression of CT, ToxT and the
porins OmpU and OmpT [34–36]. The function of ToxR is
greatly enhanced by a second inner membrane protein,
ToxS, which associates with ToxR [37]. ToxT is a soluble
transcriptional activator that amplifies its own expression
and directly regulates the expression of CT, TCP and other
virulence factors [31]. Recently, TcpP and TcpH, which
have homology to ToxR and ToxS, respectively, have been
shown to regulate CT and TCP expression, presumably
through ToxT [32,33]. A good account of the regulatory
cascade is available in the review published by DiRita [38].
V. cholerae has further developed a mechanism of sampling
and responding to environment, viz., temperature variation
[39], depletion in iron concentration [40], presence of bile
salt [41], etc. Also the expression of CT, TCP and other
virulence factors has been shown to differ between the
classical and El Tor biotypes of V. cholerae [42,43]. Till
the late 1990s, investigations on these regulatory networks
of V. cholerae were mostly limited to in vitro culture
conditions [30]. Although in vitro assays contribute greatly
to our understanding of bacterial pathogenesis, they fre-
quently cannot reproduce the complex environment encoun-
tered by pathogens during infection [44]. Recently, several
methods have been developed that greatly simplify in vivo
analysis of large number of strains [44]. Of these, the in vivo
expression technology (IVET) and the signature-tagged
mutagenesis (STM) [45] have been used to identify possible
regulators of virulence genes during infection. The require-
ments of the virulence regulators, ToxR, TcpP and ToxT, for
expression of tcpA and ctxA were found to differ signifi-
cantly during infection versus during growth in vitro [29].
Identification of several genes that are differentially
expressed following infection has also been recorded by
using two other methods, the global transcription response
(GTR) and the RNA arbitrarily primed (RAP)-PCR finger-
printing techniques [46,47]. Further, a role of quorum
sensing in regulation of virulence gene expression has
recently been established [48]. The general readers are
referred to some of the recently published reviews and
papers for a detailed account of the in vivo genetic analysis
of virulence [29,30,44,49].
The toxigenic V. cholerae carries one or more copies of
CT genes (ctxAB) [28,50–52]. The A and B subunits of CT
are encoded by two separate but overlapping ORFs. Be-
sides, there are genes for several other types of toxin, e.g.,
(i) zonula occludens toxin (Zot) which increases the per-
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accessory cholera enterotoxin (Ace) which is capable of
inducing fluid accumulation in rabbit ligated ileal loops
[25]. The next significant contributions on the genetics of
V. cholerae were that (i) its genome was shown to contain
two chromosomes [54], a larger (replicon 1) and a smaller
(replicon 2) one, of characteristic features given in Table 1,
and (ii) the complete genome of the V. cholerae El Tor
strain N16961 was sequenced [22]. Most genes required for
growth and viability are located on chromosome 1. There is
pronounced asymmetry in the distribution of genes known
to be essential for growth and virulence between the two
chromosomes. Several repair genes have been found locat-
ed on chromosome 2, indicating that this chromosome is
required for full DNA repair capability, although signifi-
cantly more genes encoding DNA replication and repair are
encoded by chromosome 1 [22]. Also more genes encoding
DNA transcription, translation, cell wall biosynthesis and a
variety of central catabolic and biosynthetic pathways are
encoded by chromosome 1. Similarly, most genes essential
in bacterial pathogenicity (those encoding the toxin co-
regulated pilus, cholera toxin, LPS and the extracellular
protein secretion machinery) are also located on chromo-
some 1. In contrast, chromosome 2 contains a larger
fraction of hypothetical genes and genes of unknown
function. The small chromosome also carries a gene capture
system (the integron island) and host ‘addiction’ genes that
are typically found on plasmids, indicating thereby that the
small chromosome may have originally been a megaplas-
mid that was possibly captured by an ancestral Vibrio
species [22]. The origin of the chromosome 2, however,
continues to be the subject of further investigations. Re-
cently, the origins of replication of the two chromosomes
have been defined and novel replicon-specific requirements
for each chromosome as well as factors required for
replication of both chromosomes are found [55]. More
recent studies have shed new light on the origin of the
chromosome 2 [56] of Vibrio parahaemolyticus, any de-Table 1
Some general features of the genomes of three Vibrio species
General features Vibrio spp.
V. cholerae [22] V. pa
Chr I Chr II Chr I
Size (bp) 2,961,151 1,072,914 3,288
(G +C)% 47.7 46.9 45.4
Total number of ORFs 2770 1115 3080
ORF sizeb 952 918 926.9
Percentage codingc 88.6 86.3 86.9
Hypothetical proteinsd 478(17%) 165(15%) 515(1
No. of rRNA operons 8 0 10
Number of tRNA 94 4 112
a Complete genome sequence data of V. vulnificus YJ016 is available at http:
b Average size of all ORFs present in the complete genome.
c Percentage coding=[A size of each ORF (bp)/genome size (bp)] 100.
d ORFs coding for proteins that are homologous to some proteins present intailed analysis of which is, however, beyond the scope of
this review.
The gene cluster encoding the biosynthesis of LPS is
located on the chromosome 1 of V. cholerae.3. Genetics of biosynthesis of LPS
3.1. Lipid-A
The highly conserved lipid-A region in all the Gram-
negative bacteria is essential for outer membrane integrity
[57]. The biosynthesis of lipid-A occurs at the cytoplas-
mic face of inner membrane. Although a lot of knowl-
edge has been accumulated in recent years on the
biosynthesis of lipid-A and transfer of Kdo in several
Gram-negative bacteria [58], not much work is available
on the genetics of biosynthesis of lipid-A and particularly
on the characteristics of the lipid-A biosynthetic gene
products of V. cholerae.
3.2. Core-PS
The core-PS of the LPS of Gram-negative bacteria
including V. cholerae is also known to have a role in
maintaining outer membrane stability [59]. In V. cholerae,
whether the core-PS also plays a part in providing virulence
to the organism was not known or investigated. Not much
information was available on the genetics of the core-PS
biosynthesis, while the structural studies have revealed that
the O1 and O139 (the disease causing serogroups) core-PS
structures are largely similar [1]. Only recently some sig-
nificant information has been recorded on the core-PS
biosynthesis gene clusters of V. cholerae of different
serogroups [60]. Following the new nomenclature intro-
duced by Reeves et al. [3], the core-PS biosynthesis locus
was designated as the wav gene cluster. Computer analysis
showed that the wav gene cluster located in chromosome 1rahaemolyticus [56] V. vulnificusa
Chr II Chr I Chr II
,558 1,877,212 3,354,505 1,857,073
45.4 46.4 47.2
1752 3262 1697
931.3 912 989
86.9 88.7 90.3
9%) 419(38%) 1090(35%) 756(43%)
1 8 1
14 100 12
//genome.nhri.org.tw/vv/.
other organisms, but their functions remain unknown.
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V. cholerae El Tor strain N16961 which has recently been
sequenced [22]. The genetic organization of the putative
wav gene cluster as deduced from the sequence referred to
above is shown in Fig. 1, where the Southern hybridization
probes wav1 to wav4 are indicated by horizontal lines [60].
The data summarizing the characteristics and proposed
functions of the core-PS biosynthetic genes are given in
Table 2. Investigations of 38 different V. cholerae strains by
Southern blotting, PCR and sequence analyses revealed the
presence of five different putative wav gene cluster types.
The significant finding resulting from there was that the O1
El Tor wav gene cluster type (Type 1) was prevalent among
clinical isolates of different serogroups associated with
cholera and environmental O1 strains. On the other hand,
19 unrelated non-O1, non-O139 environmental and human
isolates not associated with cholera contained four new wav
gene cluster types that differed from each other in distinct
gene loci. These data provided evidence for horizontal
transfer of wav genes and for limited structural diversity
of the core-PS among V. cholerae isolates. That the type 1
wav gene locus was predominant in strains associated with
clinical cholera suggested that a specific core-PS structure
could contribute to the virulence of V. cholerae strains.
Some other interesting observations derived from the se-
quence of the genome of O1 El Tor strain N16961 (website:
http://www.tigr.org) included (i) the localization of the O1-
antigen biosynthesis gene cluster (wbe) upstream of
VC0240 and indication that in V. cholerae most of the
LPS biosynthetic genes were clustered, (ii) the VC0237
encoded the O-antigen ligase Waa L and (iii) the ORF
VC0233 (waaA) encoded the Kdo transferase that ligated
the lipid-A to Kdo. Table 2 shows the presence of 10 genes
(wavA, wavB, waaC, wavC, waaA, wavI, waaF, waaL, wavL
and gmhD) in all the 38 different V. cholerae strains studied,
indicating the presence of a common core-PS backbone
structure for all the strains investigated.
Izquierdo et al. [61] showed that the wavB gene of V.
cholerae was fully able to complement the Klebsiella
pneumoniae waaE mutants either by chemical analyses or
by their contribution in a biological test like resistance to
nonimmune human serum. The WavB from V. cholerae
showed identical behavior to the WaaE in the K. pneumo-
niae background by several tests. The WaaE was shown to
be a h-1,4-glucosyltransferase involved in the transfer of a
glucose residue to the L-glycero-D-manno-heptose I in theFig. 1. Organization of the putative type-1 core-PS biosynthesis gene cluster (wav
strain N16961 [22]. Horizontal lines with arrows at both ends indicate the Souther
is located on chromosome 1 of V. cholerae comprising ORFs VC0223 to VC024LPS inner core. It was concluded that the WavB protein was
able to perform the same function as WaaE. It is of interest
to note that although the genes encoding heptosyltrans-
ferases in E. coli and Salmonella enterica were known for
years, their functional characterization was difficult because
of the complexicity of the in vitro assay. Gronov et al. [62]
claimed to have done the first functional characterization of
these proteins of E. coli, heptosyltransferase I (WaaC) and II
(WaaF), the glycosyltransferasees involved in the biosyn-
thesis of the inner core of LPS. It was found that the
heptosyltransferases I and II of E. coli were strictly mono-
functional. Extensive studies are required for further char-
acterization of the products of the different genes in the
core-PS genetic organization of V. cholerae.
3.3. O-antigen polysaccharide (O-PS) of V. cholerae
3.3.1. V. cholerae O1
A good account of the genetics of O-antigen biosynthesis
of V. cholerae was presented by Stroeher et al. [63], which,
along with subsequent developments in this area, forms the
relevant part of this review. The genetic regions required for
the biosynthesis of the V. cholerae O1 O-antigen of both
Inaba and Ogawa serotypes were cloned and expressed in E.
coli K-12 by Manning et al. [64]. These genes could be
localized to a region of about 16–19 kb within a 20-kb SacI
fragment by extensive restriction and heteroduplex analyses
of independent cosmid clones. This region was shown to
contain all the information necessary for synthesis in a
heterologous host [64,65] and referred to as the wbe region
[3]. It was assumed that the enzymes required for biosyn-
thesis of O-antigen from common cellular intermediates
were encoded in the wbe region. Subsequent transposon
mutagenesis of this region in the V. cholerae O1 chromo-
some confirmed that this region was required for O-antigen
biosynthesis [66]. Subsequently, three additional genes,
designated wbeU, wbeV and wbeW, were described and
were found essential for O-antigen biosynthesis in V. chol-
erae O1 since mutations in these genes led to the loss of O-
antigen biosynthesis [67]. The organization of O-PS gene
clusters of V. cholerae O1 is shown in Fig. 2(a). These O-
antigen biosynthesis genes of V. cholerae O1 are organized
in a cluster on chromosome 1 of the completely sequenced
strain N16961, between the open reading frames (ORFs)
VC0240 (gmhD) and VC0264 (rjg) [22]. The gene gmhD
encodes D-glycero-D-mannoheptose-1-phosphate guanosyl-) as deduced by Nesper et al. [60] from the sequence of V. cholerae El Tor
n hybridization probes wav1 to wav4 used for the purpose. The gene cluster
0. Arrows show the directions of transcription of the individual ORFs.
Table 2
Characteristics and proposed function of the core-PS biosynthetic genes of V. choleraea
ORFb/strain New ORF Predicted putative function Accession no.c Wav typesd
designation in core-PS assembly
1 2 3 4 5
VC0223 wavA HepIII transferase AAK03378 + + + + +
VC0224 wavB h1,4-glucosyl transferase AAK03390 + + + + +
VC0225 waaC HepI transferase B64058 + + + + +
VC0227 wavC Kdo kinase BAB72027 + + + + +
VC0228 wavD Unknown +    
VC0229 wavE Unknown BAB72032 + + + + 
VC0230 wavF Unknown BAB72033 + + + + 
VC0231 wavG Unknown BAB72034 + + + + 
VC0232 wavH Unknown BAB72026 + + + + 
VC0233 waaA Kdo transferase BAB72028 + + + + +
VC0234 wavI Glycosyltransferase AAK03200 + + + + +
VC0235 wavJ HepIV transferase CAA07672 +    
VC0236 waaF HepII transferase AAG08397 + + + + +
VC0237 waaL O-antigen ligase + + + + +
VC0238 wavK O-acetyl transferase AAB99067 + + + + 
VC0239 wavL Glycosyltransferase AAL52784 + + + + +
VC0240 gmhD ADP-L-glycero-D-manno-
heptose-epimerase
AAC22768 + + + + +
V194 wavM Glycosyltransferase
(galactosyl ?)
AAA60375   + + 
V209 wavN O-acetyltransferase CAC48950    + 
V209 wavO O-acetyltransferase AAF34147    + 
V192 wavP Glycosyltransferase AAK95997     +
V192 wavQ Unknown     +
V192 wavR Fuc4NAc pathway(TDP-4-oxo-
6-deoxy-D-glucose transaminase)
AAL22774     +
V192 wavS Fuc4NAc pathway AAF33463     +
V192 wavT Glycosyltransferase (galactosyl ?) AAK91721     +
a Table prepared by using the data of Nesper et al. [60].
b Either the ORF designation of the V. cholerae genome sequence (VC number) or the name of the sequenced strain (V number) used for sequence analysis
is indicated.
c Accession number corresponds to the protein sequence available in the database that shows high level of similarity to the protein sequence deduced from
the ORF in the same row.
d V. cholerae wav gene cluster types; + shows the presence and  shows the absence of the corresponding gene (ORF) in a particular type.
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in the left junction, while the wbe gene cluster is flanked by
rjg encoding a conserved hypothetical protein with similar-
ities to mRNA 3Vend processing factor at the right junction.
The wbe gene cluster of V. cholerae O1 consists of five
major regions: (1) perosamine biosynthesis (manC, manB,
gmd and wbeE) [68]; (2) O-antigen transport (wbeG, wzm
and wzt) [69,70]; (3) tetronate biosynthesis (wbeK, wbeL,
wbeM, wbeN and wbeO) [63]; (4) O-antigen modification
(wbeT) [71,72]; and (5) additional genes required (wbeU,
wbeV and wbeW) [67]; the genes involved in the corre-
sponding biosynthetic pathways being cited in the neigh-
bouring brackets. A putative defective insertion sequence,
IS1358dI, is present between wbeP and wbeT of the O-
antigen gene cluster and the JUMP start sequence described
by Hobbs and Reeves [73], which contains important
regulatory information [74], lies at the start of the wbe
operon of O1 and immediately downstream of the left
junction gene, gmhD.
The pathway for perosamine biosynthesis involving the
actions of several genes is illustrated in Fig. 3. It may be
noted that the gene involved in the synthesis of GDPperos-amine from the substrate GDP-4-keto-6-deoxymannose
remains to be identified. It may be wbeE or the immediately
adjacent gene wbeG. The gene wbeG encodes a glycosyl
transferase [22] and its function has not been shown earlier,
although it was speculated to encode O-antigen polymerase
or perosamine transferase [63]. The genes wzm and wzt
appear to be involved in polysaccharide export. The Wzm is
predicted to be an integral membrane protein containing six
a-helical transmembrane spanning domains and is thought
to act as a carrier or pore. Wzt is homologous to export
proteins and contains ATP-binding domains. It is likely that
Wzm and Wzt are present as homodimers in the export
complex [70].
The tetronate biosynthesis pathway is illustrated in Fig.
4. Here, the identities and actions of different enzymes have
been drawn mostly from homology studies. The similarity
of WbeN to both LuxC and LuxE (V. harveyi) suggests that
it has both enzymatic activities, i.e., fatty acid reductase and
acyl protein synthetase. WbeM appears to be an iron-
containing alcohol dehydrogenase, WbeL an acetyl-CoA
synthetase and WbeO an acetyl-CoA transferase. Among
the three additional genes identified to be associated with O-
Fig. 2. Organization of the O-PS biosynthetic genes (wb* region) of V. cholerae of four different serogroups. The directions of transcription of the different
ORFs are shown by the arrows. The left (gmhD) and the right (rjg) junction genes are indicated by solid arrows. (a) The wbe region (manC through wbeW) of
serogroup O1 is 22,000 bp in length. The five major regions of the O1 gene cluster are shown by the horizontal lines 1 to 5; (b) the wbf region (wbfA through
wbfX) of the serogroup O139 is 35,807 bp in length. The bars with different patterns indicate the various classes, I to V, of genes in the O139 O-PS gene cluster
[83]. It may be noted, however, that the ORF corresponding to wbfX was designated as wbfY (belonging to class V) and another previously unidentified ORF,
wbfZ, was identified as belonging to class I, at the 3Vend of wbfY by Yamasaki et al. [83]; (c) the wb* region (ORF-1 through wbeN) of serogroup O37 is
27,552 bp in length. The left junction is at gmhD gene, but the right junctions of O37 and O139 are different. On the other hand, the O1 right junction genes,
wbeV through rjg, are conserved in the O37 wb* region; (d) the wb* region of serogroup O22 is 35,900 bp in length. The arrows below wbfF and wbfZ show
genes found in insertion sequences, encoding proteins homologous to transposases. All genes within the O22 O-PS gene cluster, with the exception of wbfA and
wblA to wblE, have very high homology to corresponding genes found in O139 serogroup.
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tions of WbeU and WbeW are mannosyl transferase and
galactosyl transferase, respectively. WbeV is, however, a
conserved hypothetical protein. The ORF between wbeV and
wbeW, originally designated as ORF 35.7 [67], is homolo-
gous to galE of E. coli coding for UDP-glucose-4-epimerase
[22]. Interestingly, the genes wbeU and wbeV are transcribed
in the opposite direction to the rest of the wbe operon and
appears to be translationally controlled [67]. On the other
hand, galE and wbeW are transcribed in the same direction
as that of the wbe gene cluster. Chromosomal insertion
mutation in either wbeV, wbeU or wbeW caused the loss of
O-antigen (as stated earlier) and also the resistance to the
vibriophage CP-T1, suggesting that these genes were essen-
tial for O-antigen biosynthesis. Mutational studies further
showed that galE was not required for O-antigen biosyn-
thesis [67]. These genes would not have been expressed in
any of the constructs in which V. cholerae serotype-specific
O-antigen was being made in E. coli K-12 or other heter-
ologous hosts such as Salmonella [64]. It was possible that
these hosts might have possessed wbeU, wbeV and wbeWhomologs or the expression might be at the suboptimal level
[67].
V. cholerae of serogroup O1 is subdivided into three
serotypes, Inaba, Ogawa and Hikojima [1]. Structural
studies discovered that the O-PSs of the two serotypes,
Ogawa and Inaba, differed in that the terminal 4-N-tetro-
nylated-D-perosaminyl group in the O-PS of the Ogawa
strain is methylated at O-2 [1]. Since the wbe gene cluster
of V. cholerae O1 encodes the O-antigen biosynthesis of
both Inaba and Ogawa serotypes, it is logical to assume
that the gene(s) responsible for serotype specificity should
lie within this region. Complete sequencing of the wbe
operons from the Inaba and Ogawa strains revealed a
single base pair deletion in the wbeT gene. Further analysis
of wbeT genes from a number of Inaba and Ogawa strains
indicated that Inaba strains all appeared to have a mutated/
truncated wbeT gene. Also the introduction of wbeT alone
from an Ogawa into an Inaba strain allowed the serotype
conversion to Ogawa and the construction of defined
mutations in the wbeT gene of an Ogawa strain resulted
in Inaba serotype [71]. This explained why the conversion
Fig. 3. Pathway for the biosynthesis of perosamine in V. cholerae O1 and colitose in V. cholerae O139 as proposed by Stroeher et al. [63]. The proteins acting at
different stages in the biosynthesis of perosamine are ManC, ManB, ManC, Gmd and WbeE. The action of WbeE (which shows homology to pyridoxal-
binding proteins from several organisms and many of which are involved in the synthesis of sugars similar to perosamine) as a perosamine synthetase remains,
however, to be confirmed. In the O139 serogroup, GDP-mannose is converted to GDP-4-keto-6-deoxymannose and then to colitose most likely by the actions
of proteins encoded by the region containing wbfH, wbfI and wbfJ ORFs. These ORFs show good homology to three genes in the E. coli O111 wb* region to
which no defined function has been ascribed, but E. coli O111 also contains colitose in its LPS [63]. Gmb is actually the Gmd homologue of V. cholerae O1 and
plays a role in the conversion of GDP-mannose to GDP-4-keto-6-deoxymannose, which is required for the synthesis of colitose in O139 [68,77].
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than the converse since this only required a mutation in the
wbeT gene, whereas the converse required a specific base
correction. Although wbeT was involved in modifying the
O-antigen, it was not vital for O-antigen synthesis in V.
cholerae and existed as a separate transcriptional unit. It is,
however, important to note that wbeT is preceded by a
defective insertion element IS1358d1, which defines the
end of the actual wbe operon. The wbeT and the additional
wbe genes described by Fallarino et al. [67] were quite
separate from the rest of the wbe operon. A summary of
the possible functions of V. cholerae O1 wbe genes is
presented in Table 3.
3.3.2. V. cholerae O139
The O139 wbf region is about 35 kb in length and was
collectively sequenced by several groups of worker. The
14.363-kb sequence of the left part of the wbf region, gmhD
to gmd, was reported by Bik et al. [75], the 12.938-kb right
part of the wbf region, wbfQ to wbfX, was reported by
Comstock et al. [76] and the intermediate region was
reported by Stroeher et al. [77]. V. cholerae O139 was a
consequence of the loss of the original wbe genes from O1
and acquisition of a new set. Specifically, it was demon-
strated that the serogroup O139 resulted from a 22-kb
deletion of the wbe region of O1 and replacement with a
35-kb wbf region encoding the O139 O-antigen [76]. The
sequenced O1 and O139 wb* regions contained only a 30-
bp overlap at the right junction [63,67,75]. The gene, gmhD,
involved in core biosynthesis forms the left junction, rjg the
right junction and the insertion sequence IS1358 is situatedat an intermediate position of the wbf region [63,67,69,
75,78,79]. The region involved in the biosynthesis of the V.
cholerae O139 surface polysaccharide is complex and
composed of several independent transcriptional units
[63]. Mutational analysis had shown that there were some
genes involved in both capsule and O-antigen biosynthesis
as well as genes specific for either capsule or O-antigen
[75,78,80,81].
The two open reading frames (ORFs) (to the left of
IS1358) were designated [82] wzm and wzz whose putative
functions were capsule transport and O-antigen chain length
regulation, as derived from study of homology with genes of
some other bacteria. Mutations in both wzm and wzz
appeared to affect capsule but not O-antigen biosynthesis
[75]. The remaining region between IS1358 and gmhD was
reported to contain wbfE, wbfD, wbfC, wbfB and wbfA, none
of which showed any homology to polysaccharide biosyn-
thesis genes and their roles were unknown [75]. It was
further reported that an ORF downstream from IS1358
showed a high degree of homology to Gmd, the oxidore-
ductase from V. cholerae O1, indicating the presence of
polysaccharide genes on both sides of IS1358 in V. cholerae
O139. Comstock et al. [76] identified a number of other
ORFs, which showed homology to polysaccharide biosyn-
thetic proteins, as well as defining the other end point of the
novel O139 V. cholerae DNA.
Another point of interest to be noted here is that unlike
the V. cholerae O1 wbe region, that for O139 does not
appear to be made up of clearly defined regions
corresponding to the specific biosynthetic pathways. The
O139 polysaccharide biosynthetic cluster has a number of
Fig. 4. Pathway for the biosynthesis of tetronate as proposed by Stroeher et
al. [63]. The proposed substrates for the various enzymes at the different
stages of biosynthesis are malate (1), aldehyde (2), dihydroxy carboxylic
acid (3), a coenzyme-A (4) and an activated acyl carrier protein (ACP) (5).
This ACP activated precursor can be condensed with a molecule of
perosamine to give rise to a complete O-antigen subunit (6).
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possible galactosyl transferases and a number of UDP-
galactose-4-epimerases involved in the synthesis of UDP-
galactose. Fig. 2(b) and Table 4 present the genetic organi-
zation of the wbf region of V. cholerae O139 and the
possible functions of the O139 wbf/capsular genes, respec-
tively. V. cholerae O139 was shown to have a wzy homo-
logue (WbfQ/Wzy). The possible function of this
homologue was speculated particularly since Wzy protein
was known to be involved in O-antigen polymerization and
that in V. cholerae O139 only a single O-antigen subunit
sugar was substituted on the core. Subsequent mutation
analysis of the wbf/capsule gene cluster of V. cholerae O139
had clearly shown that the Wzy homologue was solely
involved in capsule biosynthesis [63]. Another point of
interest is that the wbf region of V. cholerae O139 contains
only one partner of the two-component polysaccharide
export system. The O139 contains only a gene (wzt)
encoding the transmembrane protein but no energizing
partner [82]. Further, wzt was shown to be an essential gene
in V. cholerae O139 capsule biosynthesis [75].Yamasaki et al. [83] reported independently the sequence
of the O139 O-PS gene cluster, which in general confirmed
the works published earlier by others [75–77,84]. However,
the data of Yamasaki et al. [83] showed some differences.
The size of the genes and homologous proteins encoded by
the genes were different in the cases of wbfK, wbfM,
wbfQ,wbfS, manC, wbfX and wbfY when compared with
earlier reports [76,77]. According to Comstock et al. [76],
the ORFs found next to ORF9 (wbfW) were ORF10 and
ORF11, which were designated as wbfX and wbfY, respec-
tively. Yamasaki et al. [83] found, on the other hand, a large
ORF in the region corresponding to the wbfX and wbfY of
Comstock et al. [76] and designated this large ORF as wbfY.
Yamasaki et al. [83] observed that the separated ORFs, wbfX
and wbfY, found previously, might have resulted from
mutations. There was a potential gene between wbfD and
the repeat unit and JUMPstart sequence upstream of wbfE,
which was not previously identified, but the authors were
not very definite about its identity as the ORF was too short.
wbfZ, which was not previously documented, was identified
at the 3Vend of wbfY. The sequence recorded by Yamasaki et
al. [83] contained in addition a 7.8-kb segment upstream of
the O139-specific sequence and a 2.2-kb segment down-
stream of it.
3.3.3. V. cholerae of serogroups non-O1, non-O139
The O-PS genetic organization of V. cholerae of
serogroups non-O1, non-O139 have not been adequately
studied. Some relevant informations of the serogroups O37
and O22 are available and discussed below. Some other
members of the non-O1, non-O139 serogroups have been
investigated to find out the homologies between their O-PS
biosynthetic genes with those of O139, a brief account of
which is also presented below.
3.3.3.1. V. cholerae O37. Among the different non-O1,
non-O139 serogroups, the serogroup O37 deserves attention
since the strains of this serogroup were implicated in
localized cholera outbreaks in the past [85,86] and have
thus clinical relevance. The O37 O-PS genetic region,
shown in Fig. 2(c), was sequenced and the entire O37
wb* genetic region was found 27,552 bp long, while the
O37-specific sequence was 23,388 bp long [87]. The O37
wb* cluster is unique since no significant DNA homology
between the O37-specific sequences and the previously
published V. cholerae wb* cluster sequences was found
except at the right junction. Twenty-three ORFs were
identified in the O37 wb* region, and many of the ORFs
(ORF-1 to ORF-13 and ORF-18) encoded enzymes in-
volved in polysaccharide biosynthesis, ORF-14 and ORF-
15 encoded hypothetical proteins of unknown functions and
ORF-14 had very weak homology to yhf0 (which encoded a
hypothetical protein) of Bacillus subtilis. A 1549-bp pro-
moter region separates gmhD and ORF-1, and this region
contains a putative promoter and ops elements found in
known polysaccharide biosynthesis regions [73,74]. There
Table 3
V. cholerae O1 wbe genes and their possible functions
Genes G +C content Length of protein Putative functiona Locus no.,b
(%) (no. of aa)
Stroeher et al. [63] Heidelberg et al. [22]
strain N16961
gmnD 46.1 314 Core biosynthesis ADP-L-glycero-
Dmannoheptose-6-epimerase
VC0240
manC 42.1 465 PMI/GMP activity Mannose-1-phosphate guanylyltransferase VC0241
manB 38.6 463 Phosphomannomutase Phosphomannomutase VC0242
gmd 39.6 373 Oxidoreductase GDP-mannose 4,6-dehydratase VC0243
wbeE 40 367 Pyridoxal binding protein Perosamine synthase VC0244
wbeG 35.1 463 Unknown Unknown VC0245
wzm 35.1 257 O-antigen export (channel?) LPS/O-antigen transport protein VC0246
wzt 36.5 250 O-antigen export (energizer?) LPS/O-antigen transport protein VC0247
wbeK 33.3 80 Acyl career protein Acyl career protein, putative VC0248
wbeL 37.7 471 Fatty acid ligase WbeL protein VC0249
wbeM 42.5 374 Alcohol dehydrogenase Iron containing alcohol dehydrogenase
family protein
VC0250
wbeN 42.2 825 Fatty acid reductase Acyl protein synthase/acyl-CoA reductase VC0251
wbeO 39 188 Acetyl-CoA transferase Acetyltransferase WbeO, CysE/LacA/
LpxA/NodL family
VC0252
wbeP 43.1 73 Unknown
IS135 8d1 42.7 65,34,68 Insertion sequence
wbeT 31.1c 287c Ogawa determination WbeT protein VC0258
wbeU 35.1c 370c Mannosyl transferase Mannosyl transferase VC0260
wbeV 43.5c 621c LPS biosynthesis LPS biosynthesis protein VC0259
ORF 35.7/galE 45.2 323 dTDP-glucose dehydratase UDP-glucose 4-epimerase VC0262
wbeW 44.1 184 Galactosyl transferase Galactosyl transferase, putative VC0263
a Putative functions of any gene as presented by two different groups of workers have been reproduced here without modification.
b Locus numbers refer to the particular strain El Tor N16961, sequenced.
c Corresponding values given by Heidelberg et al. [22] are somewhat different and not mentioned here.
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unique to O37 and the right junction. The region down-
stream of the IS element has three ORFs almost identical to
the O1 wbe cluster: wbeV, galE and wbeW, followed by rjg.
The homology breakpoints (i.e., the DNA sequences where
the common backbone sequence ends and the serogroup-
specific sequence starts) in O37 strains are different from
those of the O1 and O139 junctions. In the O37 serogroup,
the left and right junctions are at gmhD and wbeV, respec-
tively, instead of at gmhD and rjg as they are in O139.
3.3.3.2. V. cholerae O22. The O-antigen cluster of O22
serogroup, shown in Fig. 2(d), is 35.9-kb long [85]. Inser-
tion sequences designated as IS22-1 and IS22-2, which were
flanked by repeat sequence, were found in the putative
region of wbfF and wbfZ, respectively. If these ISs are
deleted, genes which correspond to wbfF and wbfZ will
remain intact. Therefore, the IS sequence interrupts the
translation of the wbfF and wbfZ. The 35.9-kb region was
found to contain 30 ORFs and the hypothetical wbfF, and
the wbfZ found in O139 serogroup was also present at the
3Vend of wbfY as shown in Fig. 2(d) and Table 5. The
transcriptional directions of gmhD to wbfD are all from right
to left, while those of wbfE to wbfZ are all from left to right
in accordance with those of genes in O139 serogroup. The
products IS22-1 and IS22-2 have 100% homology to each
other (Table 5). This IS encodes a protein homologous to
TnpA of Bacillus thuringiensis [88] or hypothetical protein2131 of spinach [89] as shown in Table 5, suggesting that
transposons might be involved in horizontal gene transfer of
O-antigen biosynthesis gene of the O22 serogroup.
The JUMPstart sequence, which is a conserved 39-bp
sequence usually located in the non-coding upstream region
of several bacterial gene clusters [73], was also found in the
region between wbfD and ORF6. In addition, just upstream
of the JUMPstart sequence, seven tandemly repeated 7-bp
units [G-(G/A)-(A/T)-(C/T)-C-T-A] were observed, whose
function was not clear. Analysis of GC content in individual
genes in O22 serogroup revealed that although the GC
content of most genes investigated was in the range 41–
54%, the GC content of wbfA and wbfJ to wblE was 28–
35%, which is lower than that of V. cholerae genome,
indicating that wbfA and wbfJ to wbfQ may have originated
from an organism other than V. cholerae.
The accession numbers giving entry to the recorded
sequences of (i) the core-PS wav genes or gene clusters
and (ii) the O-PS gene clusters of O1 and several non-O1
serogroups and also of the complete genome of V. cholerae
along with the corresponding references are given in Tables
6 and 7, respectively, for the convenience of the general
readers.
3.3.3.3. Other non-O1 non-O139 V. cholerae. Many of
the other non-O1 non-O139 strains were investigated to
find the extent of homology of their O-PS genes with
those of O139, but any detailed genetic analysis was not
Table 4
V. cholerae O139 wbf genes and their possible functions
Genes G +C content Length of protein Putative functiona
(%) (no. of aa)
Stroeher et al. [63] Yamasaki et al. [83]
gmhD 46 314 Core biosynthesis ADP-L-glycero-D-mannohepose-6-epimerase
wbfA 34.5 505 Unknown Unknown
wbfB 48.8 730 Unknown Unknown
wbfC 49.1 288 Unknown Unknown
wbfD 45.7 229 Unknown Unknown
wbfE 44.7 196 Unknown Unknown
WbfF (wzm) 47.3 911 O-antigen export Putative capsule transport protein/precursor
wzz 45.9 335 Regulation of O-antigen chain length Regulation of O-antigen chain length
IS1358 42.9 375 Insertion sequence DNA transposition
gmd 46.6 372 Oxidoreductase GDP-D-mannosedehydratase oxidoreductase;
involved in the biosynthesis of GDP-fucose
from GDPmannose
wbfH 43.6 308 Colitose biosynthesis Probable UDP-glucose-
4-epimerase
wbfI 41.4 390 Colitose biosynthesis Probable CDP-4-keto-6-deoxy-
D-glucose-3-dehydrogenase
wbfJ 35.2 161 Colitose biosynthesis Unknown
wbfK 34.4 478 Unknown Unknown
wbfL 30.2 338 Unknown Probable fucosyl transferase
wbfM 29.3 337 Unknown Probable bacteriophage integrase
wbfN 30.2 485 Unknown Probable K5 antigen synthesis
wbfO 29.7 337 Glycosyl transferase Glycosyl transferase
wbfP 33.9 310 Galactosyl transferase Probable glycosyl transferase
wbfQ (wzy) 28 354 Rfc like O-antigen polymerase Unknown
wbfR 43.1 636 Asparagine synthetase Asparagine synthetase
wbfS 41.3 377 Galactosyl transferase Sugar transferase
manC 46.8 460 GDP-mannose pyrophosphorylase
and phosphomannose isomerase
GDP-mannose pyrophosphorylase
and Phosphomannose isomerase
manB 46.2 483 Phosphomannosemutase Phosphomannosemutase
wbfT 41.6 328 UDP-galactose-4-epimerase UDP-galactose-4-epimerase
wbfU 42.7 186 Galactosyl transferase Galactosyl transferase
wbfV 45.5 388 Nucleotide sugar dehydrogenase Nucleotide sugar dehydrogenase
wbfW 44.4 334 Nucleotide sugar epimerase Nucleotide sugar epimerase
wbfX 44.6 227 Unknown Not reported
wbfY 46.6 378 Unknown Unknown (prot length 646)
wbfZ 54.1 446 Not reported Unknown
a Putative functions of any gene as given by two different groups of workers have been reproduced here without modification.
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region of V. cholerae O139 might have occurred via the
acquisition of genes from a number of different ancestors.
Several groups had shown that at least some of the DNA
associated with O139 surface polysaccharide biosynthesis
was also found in non-O1 V. cholerae serogroups
[75,82,84]. Two groups of workers [75,77] showed that
an ORF in the region downstream of IS1358 of O139
strain was approximately 80% identical to the gmd gene
of V. cholerae O1. Further, some of the regions down-
stream of IS1358 were found in non-O1 and non-cholera
vibrios [81]. These authors [81] showed in addition that
homologous DNA was present in not only a wide number
of non-O1 V. cholerae strains but also in a variety of
non-cholera vibrios. These studies thus indicated that a
number of the V. cholerae O139 surface polysaccharide
genes had their origin within the Vibrionaceae. But the
exact mechanism by which these genes were transferred
has remained unknown.When DNA fragments derived from O139 O-antigen
biosynthesis gene region were used as probes, the entire
O139 O-antigen biosynthesis gene region could be divided
into five classes, designated as I–V based on the reactivity
pattern of the probes against reference strains of V. cholerae
representing serogroups O1–O193 [83]. The genes in Class
I included eight probes; the range of hybridization of these
probes with other non-O1 non-O139 serogroups, as deter-
mined by the colony hybridization method, varied from 29
to 150 [83]. Genes in class II reacted with O22, O45, O53,
O57, O61, O62, O75, O92, O105, O107, O112, O125,
O132, O139, O141, O151 and O152 serogroups. Genes in
class III reacted with only O22 and O139 serogroups. Genes
in class IV reacted with only O139 serogroup. Class V
included three probes; the range of hybridization of these
probes with other non-O1 non-O139 serogroups varied from
21-92. This study thus gave only an idea of the similarity or
dissimilarity of the O-PS genetic organizations of the 154
non-O1 non-O139 serogroups with that of O139. In another
Table 5
Identity of potential ORFs found in O-antigen biosynthesis region of V. cholerae O22 to reported homologsa
ORF Size
(bp)
G+C
(%)
No. of
amino acids
Homologous protein
encoded by
Identity (%)
(/aa overlap)
Possible function
gmhD 942 45.81 314 O139 gmhD 97.5/314 LPS core synthesis
wbfA 1521 38.38 507 O139 wbfA 37.2/522 Unknown
wbfB 2190 48.60 730 O139 wbfB 98.9/730 Unknown
wbfC 864 49.01 288 O139 wbfC 99.7/288 Unknown
wbfD 687 45.55 229 O139 wbfD 98.7/229 Unknown
ORF6 231 49.57 77 O139 orf6 97.4/77 Unknown
wbfE 588 44.66 196 O139 wbfE 100.0 Unknown
wbfFa 2736 47.14 912 O139 wbfF(wzm) 99.6/911 Transport of capsular precursors
wzz 828 46.32 276 O139 wzz 98.9/265 Regulation of O-antigen length
IS1358 300 40.92 100 O139 IS1358 98.0/99 Insertion sequence-like element
IS1358 552 42.75 183 O139 IS1358 97.7/176 Insertion sequence-like element
gmd 1116 46.81 372 O139 gmd 99.5/372 O-antigen synthesis oxidoreductase
wbfH 924 43.79 308 O139 wbfH 97.1/308 Unknown
wbfI 1170 42.44 390 O139 wbfI 98.5/390 CDP-4-keto-6-deoxy-D-glucose-
3-dehydrogenase
wbfJ 483 34.76 161 O139 wbfJ 98.1/161 Unknown
wbfK 1437 34.02 479 O139 wbfK 92.7/479 Unknown
wbfL 1038 35.15 346 O139 wbfL 60.9/343 Fucosyl transferase
wblA 843 35.46 281 Fuc-TIv of human 29.7/111 Alpha 1-3 fucosyl transferase
Alpha(1,2)FTof human 29.2/185 Beta-D-galactoside 2-alpha-
L-fucosyltransferase
wblB 483 32.70 161 lacA of E. coli 39.6/91 Galactoside-O-acetyltransferase
wblC 1020 33.13 340 O139 wbfO 43.8/333 Unknown
Igt D homolog of H. influenzae 31.8/170 Glycosyl transferase
wblD 1194 27.56 398 NADH dehydrogenase of
Trypanosoma brucei
18.9/375 NADH dehydrogenase
wblE 1077 30.36 359 rfaG of E. coli 24.2/157 Glucosyl transferase
wbfS 1074 41.03 358 O139 wbfS 93.3/357 Sugar transferase
manC 1395 46.49 465 O139 manC 99.6/465 GDP-mannose pyrophosphorylase
and phosphomannose isomerase
manB 1449 46.00 483 O139 manB 99.0/483 Phosphomannomutase
wbfT 963 40.77 321 O139 wbfT 99.7/321 UDP-galactose-4-epimerase
wbfU 549 40.75 183 O139 wbfU 98.9/183 Galactosyl transferase
wbfV 1164 45.75 388 O139 wbfV 97.9/388 Nucleotide sugar dehydrogenase
wbfW 1002 44.17 334 O139 wbfW 99.1/334 Nucleotide sugar epimerase
wbfY 1938 46.26 646 O139 wbfY 98.0/646 Unknown
WbfZb 1323 54.26 441 O139 wbfZ 97.3/446 Unknown
IS22-1 1596 46.23 372 IS22-2 100 Unknown
IS22-2 1596 46.07 372 IS22-1 100 Unknown
tnpA of Bacillus thuringiensis 25.0/36 Transposase
Hypothetical protein 2131 of
spinach
35.3/17 Transposon-mediated origin
a Data taken from Yamasaki et al. [83].
b Calculated nucleotides of wbfF and wbfZ were excluded from the nucleotide sequence of IS22-1 and IS22-2.
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O139 serogroups of V. cholerae, Sozhamannan et al. [90]
sequenced the genes downstream of the O139 wbfX gene
and analyzed the genes flanking the wb* gene cluster in
other serogroups including 43 non-O1 non-O139 strains.
The principal results obtained included: (i) the gmhD and
rjg genes were present in all of the V. cholerae strains
examined and IS1358 element in 61% of the strains; (ii) the
gmhD and rjg genes were probably arranged similarly
flanking the O-antigen gene cluster; and (iii) rjg was not
an essential gene for cell viability and rjg was a hot spot for
genetic rearrangements. These results indicated a cassette-
like organization of the wb* region, with the conserved
genes (gmhD and rjg) flanking the divergent, serogroup-specific wb* genes and IS1358. It was suggested that the
homologous recombination via the junction genes could be
the mechanism for the emergence of new pathogens.
The possibility of homologous recombination-mediated
exchange of O-antigen biosynthetic gene clusters (wb*) was
tested by suitably designed experiments (DNA dot blotting,
IS1004 finger-printing and restriction fragment length poly-
morphism analysis) involving 300 V. cholerae strains of
non-O1 non-O139 serogroups [87]. Four non-O1 strains
(serogroups O27, O37, O53 and O65) were found to have
an O1 genetic backbone, suggesting an exchange of wb*
clusters. These strains were presumably derived from an
epidemic strain by wb* cluster exchange and subsequently
diverged. DNA sequence analysis of the wb* regions of one
Table 6
Gene Bank accession numbers of the recorded sequences of some Core-PS
biosynthetic genes or gene clusters of different V. cholerae strains
Gene or gene
clustera
Strain Serogroup, biotype
or serotype
wav
cluster
type
Accession
number
waaL P27459 O1, El Tor 1 AF443420
waaL O395 O1, classical, Ogawa 1 AF443421
waaL V243 O1 1 AF443422
waaL M010 O139 1 AF443423
waaL V244 O37 1 AF443424
waaL V207 Non-O1, non-O139 1 AF443425
wavC–wavE V215 Non-O1, non-O139 2 AF443426
wavI–wavK V215 Non-O1, non-O139 2 AF443845
wavC–wavE V194 Non-O1, non-O139 3 AF44793
wavI–wavK V194 Non-O1, non-O139 3 AF44794
wavC–wavE V209 O141 4 AF443847
wavI–wavK V209 O141 4 AF444792
wavI–wavK V208 Non-O1, non-O139 4 AF443846
wavC–waaF V192 O6 5 AF449195
waaF–gmhD V192 O6 5 AF449194
Data taken from Nesper et al. [60].
a Cluster is represented by the names of the first and the last genes
separated by a hyphen.
Table 7
Gene Bank accession numbers of the recorded sequences of the complete
genome and O-PS gene clusters of different V. cholerae strains
Gene cluster V. cholerae
straina
Accession no.b Referencec
Complete genome
Chromosome 1 El Tor
N16961
AE 003852 Heidelberg et al. [22]
Chromosome 2 -Do- AE 003853 -Do-
O-PS gene clusters of serogroups
O1 569B Y07788 Fallarino et al. [67]
-Do- 017 X59553 Stroeher et al. [71]
Manning et al. [70]
O139 MO45 AB012956 Yamasaki et al. [83]
-Do- MO45 X90547 Bik et al. [75]
-Do- AI1837 U47057 Comstock et al. [76]
-Do- MO45 U24571 Dumontier,
unpublishedd
-Do- AI1837 AF090685 Sozhamannan et al. [90]
O37 1322–69 AF390573 Li et al. [87]
O22 AB012957 Yamasaki et al. [83]
a The particular strain sequenced.
b Accession number which will permit entry into the data bank.
c Publication in which the sequencing is reported.
d Obtained from the database of accession number U24571.
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virulence regions of these four strains were quite heteroge-
neous, they contained the entire VPI and a pre-CTXA
(CTXA without the ctx genes) or a CTXAw. This study
thus identified four non-O1 non-O139 serogroups which
acquired pathogenic potential, the implication of which has
been discussed later.
3.3.4. Progenitor of V. cholerae O139
Several studies have shown that V. cholerae O139 strain
is phylogenetically and phenotypically very similar to O1 El
Tor strains. Like El Tor strains, O139 Bengal strains have
tandemly repeated chromosomal cholera toxin genes
[91,92]. Bengal strains have also zonula occludens toxin
(Zot), accessory cholera toxin (Ace) [92] and have genes for
and express the TcpA pilus [93,94]. Chromosomal DNAs
from Bengal and El Tor strains give similar banding patterns
by pulsed field gel electrophoresis and by Southern blot
analysis with labeled rRNA (ribotyping) [94–96]. They are
also identical by multilocus enzyme electrophoresis analysis
[92]. However, at least two important differences exist
between O1 El Tor and Bengal strains. Manning et al.
[69] have demonstrated that O139 possesses a truncated
LPS O-side chain which is unreactive with O1-specific
antiserum and that a large portion of DNA corresponding
to the wbe region of O1 strains is missing from the O139
strains. In addition, O139 expresses a polysaccharide cap-
sule and the associated novel sugars resulting in the O139
serogroup [69,80,92,97,98] (for details, see Ref. [1]).
The mechanisms underlying the origination of O139 and
the possible future emergence of other pathogenic V.
cholerae strains have obviously drawn attention of recent
investigators [98] and at least two probable hypotheseshave been put forward. The first one proposed that a
transposition event mediated by the element IS1358
resulted in the replacement of the O1 wbe genes with the
O139 wbf genes [77,78,84,99]. It was found that approxi-
mately 40% of all strains belonging to serogroups O1-O155
contained this or a very closely related element [63]. V.
anguillarum, a closely related species, also contained this
element. Many of the V. cholerae and V. anguillarum
serogroups that contained this element had multiple copies
indicating the mobile nature of the elements. Among other
important features of this element, IS1358, it was interest-
ing to note its homology to the H-repeat of the Rhs element
in E. coli [78,100,101]. The H-repeat present in the Rhs
element of E. coli had been proposed to play a role in large
chromosomal rearrangement [100,101]. Similarly, an H-
repeat element found associated with the S. enterica wb*
region had also been proposed to play a role in recombi-
nation between different wb* operons [102]. It was pro-
posed that V. cholerae and V. anguillarum strains might
exchange wb* genes since the homologues of bplA and
vipA of V. anguillarum O2 were found in a number of non-
O1 V. cholerae serogroups [63]. The presence of IS1358 in
many serogroups of both V. anguillarum and V. cholerae
[103] is suggestive of such exchanges. However, the exact
role of IS1358 in the evolution and rearrangements of wb*/
capsule regions was unknown and although IS1358 of V.
cholerae O139 and a number of the V. anguilarum
serogroups appeared to have all the features of a functional
IS element, it had not been possible to demonstrate trans-
position. The second hypothesis involved the role of
junction genes in a homologous recombination event result-
ing in the replacement of the O1 wbe region by the O139
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and O139 strains, the genes downstream of wbfX were not
known and it was presumed that wbfX was the last gene of
the wbf cluster. Sozhamannan et al. [90] determined the
sequences of 4 kb further downstream of the wbfX gene
and, in addition to what has been stated earlier, their study
revealed that the rjg gene downstream of wbfX was 1341 bp
long, of which the first 17 bp were different in O1 and
O139 strains. Their results (as stated earlier) supported the
second hypothesis and further revealed that the preferential
linkage of IS1358 to the wb* regions of most V. cholerae
strains analyzed supported the idea that IS1358 was ac-
quired by homologous recombination, rather than by trans-
position, because a random transposition event was likely to
deliver the IS element to any part of the chromosome [77].
While O139 strains have been suggested to acquire a
unique DNA region [75,82,104] by homologous recom-
bination via the junction genes, the mechanism how the
genes in this DNA region were acquired from a donor
strain remained largely unknown and gave rise to many
speculations. One such speculation was that the DNA was
transferred via conjugation since many of the V. cholerae
O139 Bengal isolates carried a large conjugation plasmid
[63]. Alternatively, a phage-mediated transduction and
incorporation of the relevant DNA could be another
possibility. Thus, the possibility of generating new
serogroups by reassortment of genes involved in the
synthesis of surface polysaccharides had assumed great
practical importance. Subject to the inadequate knowledge
about the actual mode of gene transfer, it appeared
reasonable to believe that a O1 El Tor strain was the
progenitor of the O139 serogroup. Further, it was impor-
tant to learn who was the donor of the O139 O-PS
specific (wbf) gene cluster.
3.3.5. Genesis of O139 O-PS gene cluster
Several earlier studies had already suggested possible
nonpathogenic serogroups of V. cholerae as donor for the
wbf cluster and involvement of generalized transducing
phages or conjugative plasmids as vectors for the large
DNA region in the recombination event [84,90]. The idea
that V. cholerae O22 might be a putative source of exoge-
nous DNA resulting in the emergence of the V. cholerae
O139 had been suggested by different workers on the basis
of (i) the structural and chemical analysis of their LPS [1],
(ii) the O-antigenic relationship [105], (iii) the cloning
analysis and hybridization tests [83,106], (iv) the identical
JUMP start sequences found in strains of the two serogroups
[83], (v) the presence of seven tandemly repeated 7-bp units,
G-(G/A)-(A/T)-(C/T)-C-T-A, in the two serogroups [75] and
(vi) the sequence analysis of a 4.5-kb fragment containing
IS1358 and its adjacent genes in the two serogroups [106].
Sequencing of the entire wb* regions of the strains of these
two serogroups was done and the similarities and differ-
ences between these two gene clusters have already been
shown (Fig. 2).V. cholerae strains from serogroups O141 and O69 pos-
sessed some of these O139 antigen- and capsule-biosynthesis
genes upstream of the IS1358 element [75]. However, O69
and O141 strains could not be exogenous DNA donors as
genes wbfF and wzz in these strains differed substantially
from those of V. cholerae O139 [75]. Further, the O139
antibodies did not cross-react with V. cholerae O69 and
O141 antigens and, consequently, the O139, O69 and O141
did not produce cell wall polysaccharides with common
antigenic determinants [75]. The O139 wbf region compris-
ing wbfA-wzz genes is found in part in V. cholerae O69 and
O141. Sequencing of these regions of O69 andO141 revealed
that the O139 DNA had not been directly acquired from these
serogroups [75]. In contrast, it was reported that V. cholerae
strains O22 and O155 possessed antigen factors in common
with V. choleraeO139 [75,105]. However, V. choleraeO155,
in which several copies of IS1358were found, did not possess
any of the flanking genes [106].
All these findings taken together suggested that strains of
V. cholerae O22 from the environment might have been the
source or donor of the exogenous DNA resulting in the
emergence of the new epidemic strain O139 [98,106] from
a progenitor El Tor strain of V. cholerae O1, as presented
schematically in Fig. 5.4. Concluding remarks
Many new serogroups of V. cholerae are being discovered
with the progress of time. There were around 155 known
serogroups in 1998 [63] and today this number has risen to
some 200 or more [87]. The structure of the O-PS of V.
cholerae of any serogroup has been found to be unique [1].
The genetic organization encoding the O-PS biosynthesis is
thus quite susceptible to change, but the factors responsible
for effecting such changes are still largely unknown. On the
other hand, several non-O1 and non-O139 serogroups have
been found to acquire pathogenic potential in epidemic
genetic backgrounds [87] and may cause future epidemics.
The existing V. cholerae vaccines would provide little or no
protection against such newly identified pathogenic strains.
This situation thus demands that new vaccine development
strategies are to be evolved rapidly.
It is expected that, like the V. cholerae O1 strains, all the
strains belonging to the O139 serogroup will not be patho-
genic. Molecular analysis of several O139 strains isolated in
the recent past revealed the existence of genetically diverse
strains and included both the toxigenic and nontoxigenic
variants. The new variants of V. cholerae O139 included
strains with new ribotypes, CTX genotypes and altered
antimicrobial resistance [107,108]. The nontoxigenic O139
strains included N-[1-(thienyl)cyclohexyl] piperidine (TCP)-
positive variants that were susceptible to toxigenic conver-
sion by CTX phage [109,26] as well as TCP-negative strains.
The gmhD locus (assumed to have served as a site of
homologous recombination in the gene transfer event that
Fig. 5. Origination of V. cholerae O139 strain as conceptualized from the data published by several authors. A major fraction (wb1) of the O-PS gene cluster
(wb*) of a strain of O22 is donated to an ancestral strain of O1 by a phage-mediated transduction or conjugation process. The gene cluster wb1 replaces the O-
PS gene cluster (wbe) of O1 and gets integrated into the O1 chromosome by a recombination mechanism ( ) thereby converting the ancestral O1 strain into a
new O139 strain of O-PS gene cluster, wbf. The details including the quantitative aspects of this gene transfer and exchange mechanism remain to be confirmed
by further experimentations. Although the O-PS gene clusters of O22 (wb*) and O139 (wbf) are almost of the same size, each one contains some genes which
differentiate the two serogroups. This diagram is not in scale.
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O139) after amplification from all toxigenic O139, El Tor and
CTXA-susceptible nontoxigenic O139 strains was similar in
size and also similar to those produced by non-O1, non-O139
strains isolated from the environment [109]. It was presumed
that these CT-negative O139 strains lacked the entire TCP
pathogenicity island. From these studies, Faruque et al. [98]
concluded that these CT-negative O139 strains possibly
originated from non-O1 progenitors, that the O139 antigen
was present in different lineages and that the O139 serogroup
comprised both epidemic and nonepidemic strains derived
separately from different progenitors. The identification of
these progenitors and themechanisms of gene transfer in such
cases are, however, the subject of further investigations.
Various changes in genetic and phenotypic properties of
O139 strains have by now been documented, which include
(i) amplification or rearrangement of the CTX prophage,
(ii) acquisition of new CTX prophage, (iii) restriction
fragment length polymorphisms in conserved r-RNA genes
(ribotypes), (iv) diversity in the multilocus enzyme electro-
phoresis patterns, (v) change in the antimicrobial resistance
pattern (antibiogram) [52], etc. Factors which determine the
emergence and domination of particular clones of toxigenic
V. cholerae and displacement of existing ones have again
remained largely unknown. Molecular studies revealed that
V. cholerae strains possessed a distinctive class of inte-
grons, which are gene expression elements that may cap-
ture ORFs and convert them to functional genes [110].
Until recently, all known integrons were associated only
with genes conferring antibiotic resistance [111]. It was
suggested that integrons in V. cholerae might also play arole in the acquisition of pathogenic genes as well as genes
for different biological functions [110]. Further work on the
role of integrons in the V. cholerae system is expected to
give a better insight into the mechanism of acquisition of
genes by this organism. It is believed that the continual
emergence of new toxigenic strains is an essential compo-
nent of the natural ecosystem, and this is likely to compli-
cate further the development of an effective cholera vaccine
[87]. An effective, may be hypothetical at this moment,
cholera vaccine should remain unaffected by such sponta-
neous changes occurring in nature.Acknowledgements
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